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ABSTRACT 

In a famous paper, Sagan et al. (jSagan et al. 19931 ) analyzed a spectrum of the Earth taken by the 
Gahleo probe, searching for signatures of hfe. They concluded that the large amount of O2 and the 
simultaneous presence of CH4 traces are strongly suggestive of biology. The detection of a widespread 
red-absorbing pigment with no likely mineral origin supports the hypothesis of biophotosynthesis. 
The search for signs of life on possibly very different planets implies that we need to gather as much 
information as possible in order to understand how the observed atmosphere physically and chemically 
works. 

The Earth-Sun intensity ratio is about 10~^ in the thermal infrared (~ 10 /im), and about 10~^^ in 
the visible (~ 0.5 /im). The interferometric systems suggested for Darwin and the Terrestrial Planet 
Finder Interferometer (TPF-I) mission operates in the mid-IR (5 - 20 /im), the coronagraph suggested 
for Terrestrial Planet Finder Coronagraph (TPF-C) in the visible (0.5 - 1 /im). For the former it 
is thus the thermal emission emanating from the planet that is detected and analyzed while for the 
later the reflected stellar flux is measured. The spectrum of the planet can contain signatures of 
atmospheric species that are important for habit ability, like CO2 and i^20, or result from biological 
activity (O2, O3, and N2O). Both spectral regions contain atmospheric bio-indicators: CO2, 

^20, O3, Ci^4, and N2O in the thermal infrared, and i^20, O3, O2, CH/^ and CO2 in the visible to 
near-infrared. The presence or absence of these spectral features will indicate similarities or differences 
with the atmospheres of terrestrial planets and are discussed in detail and set into context with the 
physical characteristics of a planet in this chapter Q. 

Subject headings: Biomarkers, Extrasolar planets, Habitabiity, Search for Life 



1. INTRODUCTION 

Over 260 giant exoplanets have already been detected, 
and hundreds, perhaps thousands more, are anticipated 
in the coming years. The detection and characterization 
of these exoplanets will begin to fill in a gap in the astro- 
physical description of the universe; the chain of events 
between the first stages of star formation and the evident 
mature planetary systems. The nature of these planets, 
including their orbits, masses, sizes, constituents, and 
likelihood that life could develop on them, can be probed 
by a combination of observations and modeling. So far, 
our main detection methods from the ground. Radial Ve- 
locity and Transit Search, are biased towards big planets 
orbiting close to their parent star because they are easier 
to detect. Those planets produce a bigger, more frequent 
signal than a small planet further away from its parent 
star. Even so, the number of smaller Extrasolar Giant 
Planets (EGP) found, indicates a trend towards smaller 
masses. 

The present stage of exoplanet observations can be 
characterized as one in which information is being gath- 
ered principally by indirect means, whereby the photons 
that we measure are from the star itself, or a back- 
ground star, or a mixture of the star and planet. In- 
direct techniques include radial velocity, micro-lensing. 

Electronic address: lkaltenegger@cfa.harvard.edu 

-"^ Extrasolar Planets: Formation, Detection and Dynamics, Eds 

R.Dvorak, Copyright 2007 WILEY- VCH, ISBN: 987-3-527-40671-5 



transits, and astrometry. These indirect observations are 
of great value, giving us measures of the planet mass, 
orbital elements, and (for transits) the sizes as well as 
indications of the constituents of the extreme upper at- 
mospheres like the detection of sodium in the uppe r 
atmosphere of HD209458b (|Charbonneau et al.2002l ). 
Re cent detections of super Earths by Udry et 
al. (|Udrv et al.2007[ ). Rivera et al. (Rivera et al.2005h 
and Beaulieu et al. (|Beaulieu et al. 20061 ) im- 
ply that Earth -mass planets might be common 
(|Gould et al. 20061 ). C urrent and future space missions 
like CoRoT (CNES, CRouan et al.l998[ );) and Kepler 
(NASA (Borucki et al.l997)), will give us statistics on 
the number, size, period and orbital distance of planets, 
extending to terrestrial planets on the lower mass range 
end. 

In the next stage of exoplanet observations, we may 
hope to have direct observations, in which most of the 
measured photons are reflected or emitted by the planet 
itself. A fundamental part of the problem of directly 
detecting the planet with its feeble light in the glare 
of the strong parental stellar flux, is the huge contrast 
(see Fridlund, this volume). Direct techniques include 
coronagraphic imaging at visible wavelengths, and inter- 
ferometric imaging in the thermal infrared. With di- 
rect photons in the visible and thermal infrared wave- 
length band, and depending on the Signal to Noise Ra- 
tio, we can characterize a planet in terms of its size, 
albedo, its atmospheric gas constituents, total atmo- 
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spheric column density, clouds, surface properties, land 
and ocean areas and g:eneral habi t ability. As discussed 
in Traub et al. (|Traub et al.2QQ6l ). full characterization 
requires the synergy of both direct and indirect mea- 
surements. Direct detection of photons from giant ex- 
oplanets can be implemented using current space based 
telescopes like HST and Spitzer. Such studies have led 
to the detection of infrared emission from several tran- 
siting hot Jupiters (s ee e.g. (Charbonnea u et al.2 QQ5): 
([Deming et al.2005), (Harrington et al.2006)) where the 
planetary signal is the difference between the flux from 
a star plus planet versus the flux from the star alone. 
Photons fr om Earth-like p lanets in the habitable zone 
(HZ) (see (|Kasting et al.l9 93)) around their parent star 
are beyond the capabilities of these telescopes and re- 
quire future missions like Darwin and Terrestrial Planet 
Finder (TPF). 

In this chapter we discuss the biomarkers at different 
wavelengths and the potential of each signatures. In sec- 
tion 4.2 to section 4.8 we focus on what makes a hab- 
itable planet using Earth as our example and discuss 
surface, clouds and biosignature evolution over geolog- 
ical time. Section 4.9 concentrates on planets around 
different stars, section 4.10 focuses on abiotic sources of 
potential biosignatures and section 4.11 and section 4.12 
show how to interpret biosignatures by setting measure- 
ments in context with physical characteristics of a planet. 
Section 4.13 summarizes the chapter. 

2. BIOMARKERS 

Biomarkers (or biosignature) is used here to mean de- 
tectable species, or set of species, whose presence at sig- 
nificant abundance str ongly suggests a biological origin 
(|DesMarais et al.2QQ2f ). This is for instance the case for 
the couple CH4 + 02- Bio-indicators are indicative of 
biological processes but can also be produced abiotically 
in significant quantities. Our search for signs of life is 
based on the assumption that extraterrestrial life shares 
fundamental characteristics with life on Earth, in that it 
requires liquid water as a solvent and has a carbon-based 
chemistry (Owen 1980); (DesMarais et al.2002). Life on 
the base of a different chemistry is not considered here 
because of the vast possible signatures unknown life- 
forms produce in their atmosphere that are so far un- 
known. Therefore we assume that extraterrestrial life is 
similar to life on Earth in its use of the same input and 
output gases, that it exists out of thermodynamic equi- 
librium, and that it has analogs t o bacteria, plants, and 
animals on Earth ([Lovelock 19751 ). 

The first step of exploration of terrestrial extrasolar 
planets will be a space mission that can detect and record 
low resolution spectra (see Fig. 1) of extrasolar plan- 
ets like Darwin and Terrestrial Planet Finder (TPF). 
O2, O3, CH4 are good biomarker candidates that can 
be detected by a low-resolution (Resolution < 50) spec- 
trograph. There are good biogeochemical and thermo- 
dynamic reasons for believing that these gases should 
be ubiquitous byproducts of carbon-based biochemistry, 
even if the details of alien biochemistry are significantly 
different than the biochemistry on Earth. Note that life 
can also exist without producing either O2 or CH4. Even 
so, we need to understand the abiotic sources of biomark- 
ers better, so that we can identify when it might con- 
stitute a false positive for life detection, when abiotic 



sources could produce high quantities of a species we un- 
derstand as a biomarker on Earth. The theoretical mod- 
eling research goals are to explore the plausible range of 
habitable planets and to improve our understanding of 
the detectable ways in which life modifies a planet on a 
global scale. 

3. BIOMARKER SIGNATURES IN DIFFERENT 
WAVELENGTH RANGES 

With arbitrarily high signal-to-noise (SNR) and spatial 
and spectral resolution, it is relatively straightforward to 
remotely ascertain that Earth is a habitable planet, re- 
plete with oceans, a greenhouse atmosphere, global geo- 
chemical cycles, and life. The interpretation of observa- 
tions of other planets with limited signal-to-noise ratio 
and spectral resolution as well as absolutely no spatial 
resolution, as envisioned for the first generation missions 
like TPF-C and Darwin/TPF-I, will be far more chal- 
lenging. 

To search for signs of life with low resolution and lim- 
ited information implies that we need to gather as much 
information as possible in order to understand what we 
will see. The following step by step approach can be 
taken to set the system in context. After detection, we 
will focus on main properties of the planetary system, its 
orbital elements as well as the presence of an atmosphere 
using the light curve of the planet or /and a crude esti- 
mate of the planetary nature using very low -resolution 
information (3 or 4 channels) (|Traub et al.20 02). Then 
a higher resolution spectra will be used to identify the 
compounds of the planetary atmosphere, establish the 
temperature and radius of the observed exoplanet. In 
that context, we can then test if we have an abiotic expla- 
nation of all compounds seen in the atmosphere of such 
a planet. If we do not, we can work with the exciting 
biotic hypothesis. Second generation space mission will 
then investigate those targets in more detail to improve 
our understanding of those environments. The results 
of a first generation mission will most likely consist in 
an amazing scope of diverse planets that will set planet 
formation, evolution as well as our planet in an overall 
context. 

The thermal infrared concepts, the Darwin and the 
Terrestrial Planet Finder Interferometer (TPF-I), and 
the visible wavelength concepts, the Terrestrial Planet 
Finder Coronagraph (TPF-C), are designed to detect 
terrestrial exoplanets, and to measure the color and spec- 
tra of terrestrial planets, giant planets, and zodiacal dus t 
disks around nearby stars (see, e .g.. (iLeger et al.l993 ), 
(Beichman et al.l999|); (Beichman et al.2006); 

(Fridlund et al.200(I; yCaltenegger et al.20dj; 

(Kaltenegger et al. 20051): (|Borde et al.2 0060)). These 
missions have the explicit purpose of detecting other 
Earth-like worlds, analyzing their characteristics, 
determining the composition of their atmospheres, 
investigating their capability to sustain life as we know 
it, and searching for signs of life. They are a first step 
to characterize a vast number of unknown fascinating 
planetary worlds. Their respective resolution is envi- 
sioned to about 25 for Darwin and TPF-I and about 
70 for TPF-C. These missions also have the capacity to 
investigate the physical properties and composition of a 
broader diversity of planets, to understand the formation 
of planets and interpret potential biosignatures. 
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Fig. 1. — Synthetic spectra of the Earth from UV to IR shown in 
two different resolutions (R=100 and 25) representing the proposed 
resolution for TPF-C (R=70) and Darwin TPF-I (R=25). The 
intensity is given as a fraction of solar intensity. The atmospheric 
features as well as the spectroscopic range of Darwin/TPF-I and 
TPF-C is indicated ( Paillet 20061) . 

The range of characteristics of planets is hkely to 
exceed our experience with the planets and satellites 
in our own Solar System. Earth-like planets orbiting 
stars of d ifferent spectral type m igh t evolve differ ently 
(jSelsis 2QQQI) : (|Segura e t al.2003[ ). ("Segura et al.2005). 
Models of such planets need to consider the chang- 
ing atmosphere structure, as well as the interior struc - 
ture of the pla net (see e.g. ([Valencia et al.2QQ6l ). 
(|Sotin et al.2QQ7[ )). One crucial factor in interpreting 
planetary spectra is the point in the evolution of the at- 
mosphere when its biomarkers become detectable. Stud- 
ies of individual constituent effects on the spectrum and 
resolution estimates w ere previously discuss ed for Earth 
in Des Marais et al. ( DesMarais et al.2QQ2l ). These cal- 
culations were for a current atmospheric temperature 
structure, but different abundances of chemical species. 
Spectra of the Earth exploring temperature sensitivity 
(a hot house and cold scenario) and diff erent sin gled 
o ut stages o f it s evolution (e .g., (Schindl er et al.2Q QQV 

felsis 2000') , (iPavlo v et al.2000) , ( Traub et al.2002» ) , 
egura e t al. 20031 ). (Kaltenegger et al.2006)) as well 
as the evolution of t he expected spectra of Earth 
([Kaltenegger et al. 2006 1) produce a variety of spectral fin- 
gerprints for our own planet. Those spectra will be used 
as part of a big grid to characterize any exoplanets found. 
This also influences the design requirements for a spec- 
trometer ([Kaltenegger et al.2006f ) to detect habitability. 



4. POTENTIAL BIOMARKERS 

Oxygen in high abundance is a promising bio- 
indicators. Oxygenic photosynthesis, which by-product 
is molecular oxygen extracted from water, allows terres- 
trial plants and photosynthetic bacteria (cyanobacteria) 
to use abundant H2O, instead of having to rely on scarce 
supplies of electron donor to reduce CO2, like H2 and 
H2S. With oxygenic photosynthesis, the production of 
the biomass becomes limited only by nutriments and no 
longer by energy (light in this case) nor by the abun- 
dance of electron doners. Oxygenic photosynthesis at a 
planetary scale results in the storage of large amounts of 
radiative energy in chemical energy, in the form of or- 
ganic matter. For this reason, oxygenic photosynthesis 
had a tremendous impact on biogeochemical cycles on 
Earth and eventually resulted in the global transforma- 
tion of Earth environment. Reduced gases and oxygen 
have to be produced concurrently to be detectable in the 
atmosphere, as they react rapidly with each other. Thus 
a detectable concentration of O2 and/or O3 and of a re- 
duced gas like CH4 can be considered as a signature of 
biological activity. The spectrum of the Earth have ex- 
hibited a strong infrared signature of ozone for more than 
2 billion years, and a strong visible signature of O2 for a 
period of time between 2 and 0.8 billion years (depending 
on the required depth of the band for detection and also 
the actual evolution of the O2 level). This difference is 
due to the fact that a saturated ozone band appears al- 
ready at very low levels of O2 (10~^ ppm) while the oxy- 
gen line remains unsaturated at values below 1 Present 
Atmospheric Level (PAL). Note that the non-detection 
of O2 or O3 on an exoplanet cannot be interpreted as the 
absence of life. 

N2O is produced in abundance by life but only in trace 
amounts by natural processes. Nearly all of Earth's N2O 
is produced by the activities of anaerobic denitrifying 
bacteria. N2O would be hard to detect in Earth's at- 
mosphere with low resolution, as its abundance is low at 
the surface (0.3 ppmv) and falls off rapidly in the strato- 
sphere. On a I0W-O2 early Earth, its abundance would 
be even smaller because it photolyzes rapidly in the near 
ultraviolet. As signs of life in themselves H2O and CO2 
are secondary in importance because although they are 
not indicators of its presence, they are raw materials for 
life and thus necessary for planetary habitability. 

In the visible reflected spectrum of earth, the de- 
tectable signatures of biological activity in low resolution 
are water vapour and molecular oxygen (mainly the 0.76 
/im band), in the near-IR CO2 and CH4 are detectable at 
concentrations significantly higher than on current earth. 

In the mid-IR thermal emission spectra of earth the 
combined detection of the 9.6 /im O3 band, the 15 /im 
CO2 band and the 6.3 /im H2O band or its rotational 
band t hat extends from 12 jam out into the microwave 
region ([Selsis et al.2002 ) indicating habitability. The 9.6 
/im O3 band is a very nonlinear indicator of O2' First, 
for the present atmosphere, low resolution spectra of this 
band show little change with the O3 abundance because 
it is strongly saturated. Second, the apparent depth of 
this band remains nearly constant as O2 increases from 
0.01 PAL of O2 to 1 PAL (Segura et al.2003V The pri- 
mary reason for that is that the strastopheric warm- 
ing decreases with the abundance of ozone, making the 
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O3 band deeper. The depth of the saturated O3 band 
is indeed determined by the temperature difference be- 
tween the surface-clouds continuum and the ozone layer. 
CH4 is not readily identified using low resolution spec- 
troscopy for present-day Earth, but the methane feature 
at 7.66 /im in the IR is easily detectable at higher abun- 
dances (see e.g. lOOx abundance, Fig. 5 epoch 4), pro- 
vided of course that the spectrum contains the whole 
band and that a high enough SNR. Taken together with 
molecular oxygen, abundant CH4 c an indicate biological 
processes (see also (Lovelock 19751), ('Sagan et al.l993), 
(|Segura et al.2QQ3l )). Depending on the degree of oxida- 
tion of a planet's crust and upper mantle non-biological 
mechanisms can also produce large amounts of CH4 un- 
der certain circumstances. 

N2O is produced by life but only in negligible amounts 
by abiotic processes. There are potentially three weak 
N2O features in the thermal infrared at 7.75 /im and 
8.52 /im, and 16.89 /im. Methane and nitrous oxide, have 
features nearly overlapping in the 7 /im region, and addi- 
tionally both lie in the red wing of the 6 /im water band. 
Although its abundance is less than 1 ppm in Earth at- 
mosphere, the 7.75 /im shows up in a medium resolu- 
tion infrared spectrum. Spectral features of N2O would 
become more apparent in atmospheres with more N2O 
and/or less H2O vapor. On a I0W-O2 early Earth, its 
abundance would be even smaller because it photolyzes 
rapidly in the near ultraviolet. Segura et al. (2003) have 
calculated the level of N2O for different O2 levels and 
found that, although A^20 is a reduced species, its levels 
decreases with 02- This is due to the fact that a decrease 
in O2 produces an increase of H2O photolysis resulting in 
the production of more hydroxyl radicals (OH) responsi- 
ble for the destruction of N2O. 

There are other molecules that could, under some cir- 
cumstances, act as excellent biomarkers, e.g., the manu- 
factured chloro-fiuorocarbons {CCI2F2 and CCLsF) in 
our current atmosphere in the thermal infrared wave- 
band, but their abundances are too low to be spectro- 
scopically observed at low resolution. 

5. A HABITABLE PLANET 

The circumstellar Habitable Zone (HZ) is defined as 
the region around a star within which starlight is suffi- 
ciently intense to maintain liquid water at the surface of 
the planet, without initiating runaway greenhouse con- 
ditions vaporizing the whole water reservoir and, as a 
second effect, inducing the photodissociation of water 
vapor and the loss of hydrog e n to space (F igs;. 2), see 
J. Kasting fKasti ng et all 9931 ). (|Kasting 1997*) for a de- 
tailed discussion. On an Earth-like planet where the 
carbonate-silicate cycle is at work, the level of CO2 in 
the atmosphere depends on the orbital distance: CO2 
is a trace gas close to the inner edge of the HZ but a 
major compound in the outer part of the HZ. Earth-like 
planets close to the inner edge are expected to have a 
water-rich atmosphere or to have lost their water reser- 
voir to space. As the HZ is defined for surface conditions 
only, chimio-lithotrophic life, which metabolism does not 
depend on the stellar light, can still exist outside the HZ, 
thriving in the interior of the planet where liquid water is 
available. Such metabolisms (at least the ones we know 
on Earth) do not produce O2 and rely on very limited 
sources of energy (compared to stellar light) and elec- 
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Fig. 2. — The mean surface temperature (TS) and partial pres- 
sure of CO2 and H2O as a function of the orbital distance on a 
habitable planet within the habitable zone ((data adapted from 
(^Kasting et al.l993i) (,Forget et al.l997i) (partial pressure (left y- 
axis) and TS (right y-axis)). 

tron donors (compared to H2O on Earth). They mainly 
catalyze reactions that would occur at a slower rate in 
purely abiotic conditions and they are thus not expected 
to modify a whole planetary environment in a detectable 
way. 

As we said, partial pressure of CO2 and H2O at the 
surface of an Earth-like habitable planet is a function of 
the orbital distance a, within the HZ and for the present 
solar luminosity. We assume here that the planet con- 
tains 1 terrestrial ocean of superficial water and that 
carbonate-silicate cycle is at work, controlling the CO2 
level in equilibrium with a surface temperature at about 
290 K, for a > 1 AU. For a > 1.3 AU, CO2 condensates 
in the atmosphere producing CO2 clouds that can affect 
the Temperature - CO2 coupling significantly. For a < 
0.93 AU, H2O becomes a major atmospheric compound 
and is rapidly lost to space after UV photolysis. Thus, a 
Venus-like fate (no H2O remaining and a massive CO2 
build-up) is likely in this inner part of the HZ. This is 
one of the first theories we can test with a first gener- 
ation space mission. However, the limits of the HZ are 
known qualitatively, more than quantitatively. This un- 
certainty is mainly due to the complex role of clouds but 
also three-dimensional climatic effects not yet included 
in the modeling. Thus, planets slightly outside the com- 
puted HZ could still be habitable, while planets at hab- 
itable orbital distance may not be habitable because of 
their size or chemical composition. 

6. OXYGEN AND OZONE PRODUCTION ON EARTH 

Owen (1980) suggested searching for O2 as a tracer of 
life. In the particular case of Earth, O2 is fully produced 
by the biosp here. Less than 1 ppm comes from abiotic 
processes ( Walker 19771 ). Cyanobacteria and plants are 
responsible for this production by using the solar photons 
to extract hydrogen from water and using it to produce 
organic molecules from C02- This metabolism is called 
oxygenic photosynthesis. The reverse reaction, using O2 
to oxidize the organics produced by photosynthesis, can 
occur abiotically when organics are exposed to free oxy- 
gen, or biogically by eukaryotes breathing O2 and con- 
suming organics. Because of this balance, the net release 
of O2 in the atmosphere is due to the burial of organics 
in sediments (see Fig. 3). Each reduced carbon buried, 
releases a free O2 molecule in the atmosphere. This net 
release rate is also balanced by weathering of fossilized 
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Fig. 3. — Oxygen Cycle on Earth 

carbon when exposed to the surface. The oxidation of re- 
duced volcanic gasses such as H2 and H2S also accounts 
for a significant fraction of the oxygen losses. The atmo- 
spheric oxygen is recycled through respiration and pho- 
tosynthesis in less than 10 000 yrs. In the case of a total 
extinction of Earth biosphere, the atmospheric O2 would 
disappear in a few million years. 

Ozone is produced in the atmosphere by a unique 
chemical reaction: O + O2 + M— > O3 + M, where M 
is any compound. This reaction is not very efficient as 
it requires at the same time a high enough pressure (be- 
cause it is a 3 bodies reaction), and oxygen atoms that 
are produced at lower pressures where photolysis of O2 
by UV can occur. Ozone can be efficiently destroyed by a 
large number of reactions, dominated, in the Earth's at- 
mosphere, by catalytic cycles involving trace species such 
as hydrogenous compounds (H , OH , HO2 ), nitrogen 
oxides (NOx) and chlorine compounds iClOx)- These 
species have various origins and their amount depends 
on the nature and the intensity of the bio-productivity, 
the thermal profile of the atmosphere, human pollution, 
and many other parameters. Without these compounds, 
an atmosphere made of N2 and O2 only would contain 
10 times more O3. The column density of O3 in the at- 
mosphere depends weakly on the abundance of O2, the 
mean opacity of the 9.6 jiia band r emaining > 1 fo r 
O2 abundance as low as 10~^ PAL (|Leger et al. 19931 ). 
(|Segura et al.2QQ3r ). 

The abundance of O3 and its observability also vary 
with the spectral distribution of the incoming stel- 
lar radiation. For atmospheric compositions simi- 
lar to the Earth's one, numerical simu lations show 
that O3 increases with the UV fiux (jSelsis 20001 ). 
(jSegura et al.2003r ). The depth of the O3 feature de- 
pends however on the difference beween the brightness 
temperature of the continuum (given by the temperature 
of the surface and/or the clouds) and the temperature of 
the ozone layer (where the opacity of O3 is 1). Because 
of this complex coupling, less ozone means less warming 
and still a deep feature, while more ozone produces more 
warming and a shallow feature. 

7. CLOUD FEATURES 

Clouds are an important component of exoplanet spec- 
tra because in the visible/NIR range, their reffection is 
high and relatively ffat with wavelength, while in the 
infrared they lower the emitted ffux and hide the lower 
convective region of the atmosphere that produce most of 
the spectral features (due to the strong gradient of tem- 
perature associated with the convection). Clouds hide 
the atmospheric molecular species below them, weak- 
ening the spectral lines in both the thermal infrared 
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Fig. 4. — (left) Spectra of present-day Earth with (green) 
100% cumulus cloud coverage at 1 km and (red) 100% cumu- 
lus cloud coverage at 6 km and (blue) 100% cirrus cloud cov- 
erage at 12 km, and, spectra of a mixture of clouds resembling 
the present Earth in the visible (upper panel) and in the ther- 
mal infrared (lower pannel) . Model Data compa rison (b) data 
in black (Woolf et al.2002V (|Christensen et al. 19971 ) model in red 
(|Kaltenegger et a l. 20061. 

and visible. In the thermal infrared, clouds emit at 
temperatures that are generally colder than the surface, 
while in the visible the clouds themselves have different 
spectrally-dependent albedos that further inffuence the 
overall shape of the spectrum. Fig. 4 shows the visible 
and thermal infrared spectral emission of the Earth for 3 
clou d conditions (a) and th e model to data comparison 
(b) (|Kaltenegger et al.2QQ6[ ). 

8. BIOMARKERS AND THEIR EVOLUTION OVER 
GEOLOGICAL TIMES ON EARTH 

The spectrum of the Earth has not been static through- 
out the past 4.5 Ga (Ga = 10^ years ago). This is due to 
the variations in the molecular abundances, the temper- 
ature structure, and the surface morphology over time. 
Kasting and Catling (Kasting et al.2003) and Kasting 
p^asting 20041) established a scenario for the Earth's at- 
mosphere evolution. At about 2.3 Ga oxygen and ozone 
became abundant, affecting the atmospheric absorption 
component of the spectrum. At about 2 Ga, a green phy- 
toplankton signal developed in the oceans and at about 
0.44 Ga, an extensive land plant cover followed, generat- 
ing the red chlorophyll edge in the reffection spectrum. 
The composition of the surface (especially in the visible), 
the atmospheric composition, and temperature-pressure 
proffle can all have a signiffcant inffuence on the de- 
tectabilty of a signal. Note that we assume that the cloud 
cover over these epochs is the same as the cloud cover 
today, however changes in this distribution could signiff- 
cantly change the overall spectra in both wavelength re- 
gions. 

Fig. 5 (a) show theoretical visible and mid-infrared 
spectra of the Earth at six epochs during its geo- 
logical evolution and (b) the required resolution to 
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match the main spectral features and biomarkers of at- 
mospheric compounds over geological time for Earth 
(|Kalte negger et aL2QQ6'). The epochs are chosen to rep- 
resent major developmental stages of the Earth, and 
life on Earth. Earth's atmosphere has experienced dra- 
matic evolution over 4.5 billion years, and other plan- 
ets may exhibit similar or greater evolution, at simi- 
lar or different rates. The climate model to create a 
schematic atmospheric model of our Earth over geologi- 
cal timescales is based on a combination of results from 
wor k by Kasting an d Catling ( Kastin g^et al.2QQ3) , Kast - 
ing (|Kasting 2QQ1. Pavlov et a l. (jPavlov et al.2QQQf ). 
Seg:ura et al. (ISegura et al.2QQ3f ) and Traub and Jucks 
(|Traub et al.2QQ2l ). The model atmosphere evolves from 
a CO2 rich atmosphere (3.9 Ga = epoch 0) to a 
(702/Ci^4-rich atmosphere (epoch 3) to a present- day 
atmosphere (epoch 5 = present-day Earth). It shows 
epochs that reflect significant changes in the chemical 
composition of the atmosphere. The oxygen and ozone 
absorption features could have been used to indicate the 
presence of biological activity on Earth anytime during 
the past 50% of the age of the solar system. The dark 
lines show a resolution of 70 and 25, as proposed for 
TPF-C in the visible and Darwin/TPF-I in the IR re- 
spectively. 

Different signatures in the atmosphere are clearly 
visible over earth's evolution and observable with low res- 
olution. Only in the last epoch (5), vegetation modifies 
the reflected spectrum of earth by introducing a sharp 
increase of the reflectivity between 700-750 nm, the red 
edge. Its detection is extremely challenging in a spatially 
unresolved global planetary spectrum, i nteg:rated ove r 
a long exposure tealtenegger et al.20 06t).(|Paillet 2006^. 
" Arnold et al.2002i )! (iMontanes-Rod riguez et al.2005). 



Montanes - Rodriguez et al.200 7).(Seager et al.2002). 



The spectral resolution required for optimal detection 
of habitability and biosignatures has to match those 
features on our own planet for the dataset we have over 
its evolution. 

9. PLANETS AROUND DIFFERENT STARS 

For an Earth-like planets in the HZ around a given 
star, the thermal flux will to first order be constant for a 
given planetary size, while the reflected stellar flux will 
scale with the brightness of the star. The suppression of 
the primary's thermal emission will, on the other hand, 
be progressively easier for later and later spectral types. 
The contrast ratio is a factor of about 2 more for FV 
stars, while it is a factor of 3 less for KV stars and about 
11 less for MV stars i n the N b and compared to the sun- 
Earth ([Kaltenegger et al.2007 ^). Surprisingly enough, it 
may thus be easier for the IR interferometer concept 
to detect a habitable Earth around an M-Dwarf than 
around something more akin to our own Sun. This is true 
for interferometric systems like Darwin and TPF-I that 
can be adapted to each individual target system, since 
the HZ moves closer and closer to the star for later and 
later stellar types. The baseline of the interferometers 
have to increase to resolve M star planetary-systems at 
larger distances, a constraint that is taken into account 
for the M target systems in the target star catalogue 
{Kaltenegger et a l.2007[ ). 

Using a numerical code that simulates the photochem- 
istry of a wide range of planetary atmospheres, Sel- 
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Fig. 5. — The visible (upper pannel) and mid IR (lower pannel) 
spectral features on an Earth-like planet change considerably over 
its evolution from a CO2 rich (epoch 0) to a C02/Ci^4-rich at- 
mosphere (epoch 3) to a present-day atmosphere (epoch 5) (black 
lines shows spectral resolution of 70 for the visile and 25 for the 
mid-IR). (b) Required resolution to match the main spectral fea- 
tures and biomarkers of atmospheric compounds over geological 
time for Earth (^Kaltenegger et al.2006i) 



SIS (iSelsis 2OOOD a nd Se gura et al (|Segura et al.2003[ ). 
(|Segura et al. 20051 ) have simulated a replica of our planet 
orbiting different types of star: F-type star (more mas- 
sive and hotter than the Sun) and a K-type star (smaller 
and cooler than the Sun). The models assume the same 
background composition of the atmosphere as well as the 
strength of biogenic sources. The orbital distance was 
chosen in order to give the planet the Earth's effective 
temperature (by receiving the same energetic flux): 1.8 
and 0.5 AU respectively for the F- and the K-type star. 
Scaling the energetic flux allows us to consider habitable 
planets irradiated by a non-solar spectrum: the contri- 
bution of the UV range (150-400 nm, the most important 
for the photochemistry) is higher for the F-type star and 
lower for the K-type star (this is no longer true in the 
EUV range, below 150 nm, where low-mass stars like 
K-type stars are very active). 

The results of modeling, illustrated in Fig. 6, show 
the changes in detectability and shape of spectral fea- 
tures due to ozone, carbon dioxide, and methane for 
the 'same' planet around stars of different spectral type. 
These changes are due to an interplay between the star's 
spectrum, the photochemistry of ozone, and coupled 
changes in the thermal structure of the planet's atmo- 
sp here. These mode ls were run fo r host stars of F, G, 
K (Segura et al.2003), (Selsis 2000) and M spectral type 
(Segura et al.2005) and show that in high resolution the 
detectable features around e.g, a K star are deeper than 
the features around an F host star. 

10. ABIOTIC SOURCES 

We need to address the abiotic sources of biomarkers, 
so that we can identify when it might constitute a 'false 
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Fig. 6. — These spectra show the appearance of Earth-hke 
planets orbiting within the habitable zones of stars of F2V, G2V 
and K2V stellar type. In each case, a weakly-coupled radia- 
tive/photochemical atmospheric model was used to determine the 
equilibrium atmospheric composition and vertical structure for a 
planet with Earth's modern atmospheric composition, and radia- 
tively forced by the UV to far-in frared spectrum of a star of each 
spectral type (|Segura et al.2005^ 

positive' for life. CH4 is an abundant constituent of the 
cold planetary atmospheres in the outer solar system. On 
Earth, it is produced abiotically in hydrothermal systems 
where H2 (produced from the oxidation of Fe by water) 
reacts with CO2 in a certain range of pressures and tem- 
peratures. In the absence of atmospheric oxygen, abiotic 
methane could build up to detctable levels. Therefore, 
the sole detection of CH4 cannot be attributed unam- 
biguously to life. 

O2 also has abiotic sources, the first one is the pho- 
tolysis of CO2, followed by recombination of O atoms 
to form O2 (O + O + M ^ O2 + M), a second one is 
the photolysis of H2O followed by escape of hydrogen 
to space. The first source is a steady state maintained 
by the stellar UV radiation, but with a constant elemen- 
tal composition of the atmosphere while the second one 
is a net source of oxygen. In order to reach detectable 
levels of O2 (in the reflected spectrum), the photolysis of 
CO2 has to occur in the absence of outgassing of reduced 
species and in the absence of liquid water, because of the 
rainout of oxidized species. Normally, the detection of 
the water vapor bands simultaneously with the O2 band 
can rule out this abiotic mechanism (Segura et al. in 
preparation). In the infrared, this process cannot pro- 
duce a detectable O3 feature (Selsis et al.2002). The loss 
of hydrogen to space can result in massive oxygen left- 
overs: 240 bars of oxygen could build up after the loss 
of the hydrogen contained in the Earth ocean. However, 
the case of Venus tells us that such oxygen leftover has 
a limited lifetime in the atmosphere (because of the oxi- 
dation of the crust and the loss of oxygen to space): we 
do not find O2 in the Venusian atmosphere despite the 
massive loss of water experienced in the early history of 
the planet. Also, such evaporation-induced build up of 
O2 should occur only close to the star (see Fig. 2) and 
affect small planets with low gravity more dramatically. 
For small planets ( < 0.5 M Earth) close to inner edge of 
the habitable zone (< 0.93 AU from the present Sun), 
there is a risk of abiotic oxygen detection, but this risk 
becomes negligible for bigger planets further away from 
their star. 

11. BIOMARKERS DETECTION SET IN CONTEXT 

The search for signs of life implies that one needs to 
gather as much information as possible in order to un- 
derstand how the observed atmosphere physically and 
chemically works. Knowledge of the temperature and 



planetary radius is crucial for the general understand- 
ing of the physical and chemical processes occurring on 
the planet (tectonics, hydrogen loss to space). In the- 
ory, spectroscopy can provide detailed information on the 
thermal profile of a planetary atmosphere. This however 
requires a spectral resolution and a sensitivity that are 
well beyond the performance of a first generation space- 
craft like Darwin/TPF-I and TPF-C. Thus we wih con- 
centrate on the initially available observations here like 
flux variations of a planet throughout its orbit. Smaller 
coronagraphs or interferometers can probe similar char- 
acteristics for extrasolar giant planets. 

11.1. Temperature and Radius of the Planets 

One can calculate the stellar energy of the parent star 
that is received at the planet's measured orbital distance. 
This only gives very little information on the surface tem- 
perature of the planet, which depends on its albedo and 
the efficiency of the greenhouse effect. However, with 
a low resolution spectrum of the thermal emission, the 
mean effective temperature and the radius of the planet 
can be obtained, in first approximation, by fitting the en- 
velope of the thermal emission by a Planck function. The 
ability to associate, by doing such fit, a surface temper- 
ature to the spectrum relies on the existence and iden- 
tification of spectral windows probing the surface or the 
same atmospheric levels. For an Earth-like planet there 
are some atmospheric windows that can be used in most 
of the cases, especially between 8 and 11 /im as seen in 
Fig.l and 3. This window would however become opaque 
at high H2O partial pressure (e.g. inner part of the HZ 
where a lot of water is vaporized) and at high CO2 pres- 
sure (e.g. a very young Earth (see Fig. 3) or outer part 
of the HZ). A much better estimate of the radius and 
of the temperature can be obtained by comparing the 
spectrun i, including i ts features, with a grid of synthetic 
spectra (jPaillet 20061 ). (Kaltenegger, Selsis, in prep). 

12. ORBITAL FLUX VARIATIONS 

The orbital flux variation in the IR, measured in the 
detection phases, can provide some precious information 
about the planet. The thermal light curve (i.e. the 
integrated infrared emission measured at different po- 
sition on the orbit) exhibits variations due to the phase 
(whether the observer sees mainly the day side or the 
night side) and to the season (if the planet has a non 
zero obliquity). Important phase-related variations are 
due to a high day /night temperature contrast and im- 
ply a tenuous or no atmosphere and the absence of a 
stable liquid ocean. Therefore, habitable planets can 
be distinguished from airless or Mars- lik e planets b y 
the a mplitude of t he observed variations (^ Selsis 20031 ). 
(Gaido s et al.2004j ). see Fig. 5. Note that also Venus-like 
atmosphere would exhibit extremely low amplitudes and 
can only be distinguished by spectroscopy from habitable 
planets. 

The mean value of T5 estimated over an orbit can be 
used to estimate the albedo of the planet, A, through the 
balance between the incoming stellar radiation and the 
outgoing IR emission. 

F,taril-A)=4<n>l,,, (1) 

In the visible ranges, the reflected flux allows us to 
measure the product AR^^ where R is the planetary ra- 
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Fig. 7. — Orbital light curve for black body planets in a circu- 
lar orbit with and without an atmosphere in the thermal infrared 
(pelsis 2003>) (left) and the influence of differe nt rotation axis on 
the shape of the lightcurve (jGaidos et al.200'^ (right). 

dius (a small but reflecting planet could be as bright 
as a big but dark planet). The first generation of opti- 
cal instruments will be very far from the angular reso- 
lution required to directly measure an exoplanet radius. 
Presently, such a measurement can only be performed 
when the planet transits in front of its parent star, by an 
accurate photometric technique. If the same target is ob- 
served in both visible (TPF-C) and IR (Darwin/TPF-I) 
ranges, the albedo can be obtained in the visible once the 
radius is inferred from the IR spectrum. The measure- 
ment of the albedo in the visible can then be compared 
to the albedo estimated from the IR lightcurve and the 
results can be iterated. The possibility to obtain spectral 
information from both wavelengths will allow a more de- 
tailed characterization of individual planets and it also 
allows exploring a wide domain of planet diversity. Ob- 
servations in both complementary wavelength bands can 
confirm the presence of atmospheric compounds. Some 
important species like CO2 and N2O appear only in the 
IR range, while only the reflected spectrum can give in- 
formation on the nature of the surface. Information on 
the cloud and surface characteristics (ocean, ice, rocks) 
can be obtained once the absolute level of the albedo is 
known, which requires the knowledge of the radius. At 
extremely high temporal resolution and signal-to-noise 



ratio additional modulations of the amplitude variations 
of the visual reflected light over a d aily rotation of a 
planet could indicate surface features (iFord et al.2QQll ). 
As shown in the same paper, clouds destroy that relation, 
because of their own individual rotation pattern. 

The outgoing short-wave and long- wave radiation, 
combined with their variations along the orbit, can con- 
strain albedo, greenhouse gases and would allow to ex- 
plore climate systems at work on the observed worlds. 

13. SUMMARY 

Any information we collect on habitability, is only im- 
portant in a context that allows us to interpret, what 
we find. The search for signs of life implies to gather 
as much information as possible in order to understand 
how the observed atmosphere physically and chemically 
works. Knowledge of the temperature and planetary 
radius is crucial for the general understanding of the 
physical and chemical processes occurring on the planet. 
These parameters as well as an indication of habitability 
can be determined with low resolution spectroscopy and 
low photon flux, as assumed for first generation space 
missions. 

Our search for signs of life is based on the assumption 
that extraterrestrial life shares fundamental character- 
istics with life on Earth, in that it requires liquid wa- 
ter as a solvent and has a carbon-based chemistry. We 
adopt this conservative approach to rule out false posi- 
tives, completely aware that we will miss to label some 
planets as habitable, where life has developed based on 
other chemistry or where the environment does not lead 
to a buildup of oxygen in the atmosphere. An amazing 
feature of future space based missions like Darwin and 
TPF is that they will have the capability, for the first 
time, to do comparative planetology on a wide variety of 
planets, whose atmosphere and climatology is far outside 
our current understanding, as well as find planets similar 
to our own and probe them for habitable conditions. 



This work was sponsored by NASA grant NAGS- 13045. 
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